We studied the effects of fatigue, induced by a 60-s maximal isometric force production with the index finger, on multi-finger coordination and force production by the other fingers of the hand. Finger forces were measured during single-and multi-finger maximal voluntary force production (MVC) at two sites, the middle of the distal or the middle of the proximal phalanges. Two fatiguing exercises involving force production by the index finger were used, one at the distal phalanx and the other at the proximal phalanx. The MVC of the index finger dropped by about 33% when it was produced at the site involved in the fatiguing exercise. In addition, large transfer effects of fatigue were observed across sites of force application and across fingers. Force deficit increased under fatigue, especially due to a drop in the recruitment of the index finger. Under fatigue, the index finger was less enslaved during force production by other fingers. During multi-finger tasks, the percentage of total force produced by the index finger was significantly reduced after the fatiguing exercise. The principle of minimization of secondary moments was violated under fatigue. We suggest that the most impaired (fatigued) finger shows less interaction with other fingers or, in other words, is being progressively removed from the multi-finger synergy. Some of the observed changes in finger coordination suggest effects of fatigue at a central (neural) level.
Introduction
When an attempt is made to maintain a strong contraction of a human muscle for a long time, the muscle force ultimately falls. Failure to maintain the required force is referred to as "fatigue" (Stephens and Taylor 1972) . Fatigue has been shown to involve changes at different levels of the system for muscle force production (for a review, see Enoka and Stuart 1992) . Most earlier studies of fatigue focused on changes in the properties of a fatigued muscle (Bigland-Ritchie and Woods 1984) and its reflex circuitry (Woods et al. 1987; Hagbarth et al. 1995) .
In most everyday movements, large groups of muscles, joints, or limbs are used in a coordinated manner. There have been reports suggesting that the central organization of such multi-element systems may change under fatigue (Bonnard et al. 1994; Sparto et al. 1997; Forestier and Nougier 1998; Danion et al. 2000) . In most studies, fatigue within a multi-element system was induced in a natural way. That is, the subject was asked to maintain performance of a motor task involving all the elements of a multi-element system, and the experimenter tracked the changes in the performance over time (Bonnard et al. 1994; Sparto et al. 1997; Forestier and Nougier 1998) . Hence, all the elements were fatigued in parallel to an extent that was likely to be proportional to their participation in the task. We do not know how coordination among elements is affected if only one element is the target of a fatiguing exercise. This issue will constitute the core of this paper.
In a recent series of papers Latash et al. 1998a Latash et al. , 1998b Zatsiorsky et al. 1998) , our group has studied the organization of multi-element systems through maximal isometric flexion of a set of fingers acting in parallel (each finger being considered as an element). In particular, total force has been shown to be shared among the fingers in a certain manner independently of the total force level (force sharing). Peak forces of individual fingers in multi-finger tasks were smaller than their peak forces in single-finger maximal voluntary contraction (MVC) tasks (force deficit; for similar findings see also Ohtsuki 1981; Kinoshita et al. 1996) . Force production by a finger in a single-finger MVC task was accompanied by an involuntary force production by other fingers of the hand ("enslaving"; Zatsiorsky et al. 1998 ; for similar findings, see Kilbreath and Gandevia 1994) . A principle of minimization of secondary moments about the longitudinal functional axis of the hand was suggested as an organizational principle defining sharing patterns among the fingers.
In an earlier experiment, we studied the effects of fatigue, induced by a 60-s maximal isometric flexion force production by the four fingers of a hand (Danion et al. 2000) . Some of the results indicated that the effects of fatigue were not limited to changes in the force-generating capabilities of the muscles, but had a significant central neural component. The present experiment investigated changes in finger coordination when only one finger was directly fatigued. Two main issues were addressed.
The first issue concerns the spread of fatigue across fingers and phalanges. Several studies have reported that effects of fatigue can spread to muscles that are not directly involved by the exercise or electrical stimulation used to induce fatigue (Wolf et al. 1984; Aymard et al. 1995; Sacco et al. 1997; Zijdewind et al. 1998) . Though many studies have investigated the endurance properties of individual digits, especially of the thumb (Bemben et al. 1996; Sheean et al. 1997 ) and the index finger (Stephens and Taylor 1972; Milner-Brown et al. 1986; Fuglevand et al. 1993; Zijdewind et al. 1995; Radwin and Buffalo 1999) , none of them, to our knowledge, investigated the possibility that fatigue effects could transfer to other digits. The present experiment studied the possibility of a spread of fatigue across fingers after prolonged exercise by one finger. The muscular apparatus of the hand, in particular the different anatomical points of attachment of extrinsic and intrinsic muscles (Kendall et al. 1971; Close and Ralston 1973; Basmajian and De Luca 1985) , presents an opportunity to vary the relative involvement of these muscle groups by changing the point of force application along the finger axis. By alternating force application at the proximal and distal phalanges, the present experiment tested the possibility of a spread of fatigue across phalanges, with implications for its spread across extrinsic and intrinsic muscles.
The second issue concerns potential changes in the force-sharing pattern after prolonged exercise by a single finger. Patterns of force sharing among the fingers during four-finger tasks have been shown to persist within a wide range of forces , under informational perturbations , and under fatigue of all four fingers (Danion et al. 2000) . These patterns were assumed to reflect the principle of minimization of secondary moments. Two hypotheses can be formulated with respect to possible effects of fatigue on the central commands defining the force-sharing pattern among the fingers. First, the pattern of force sharing among the fingers may stay unchanged so that the principle of minimization of secondary moments holds under fatigue. If one finger is selectively fatigued and its force-generating capabilities are decreased, the only way to maintain the same sharing pattern is to reduce the relative intensity of the central commands sent to the nonfatigued fingers.
According to the second hypothesis, the pattern of central commands is unaffected by fatigue, and all the changes in finger forces are due to peripheral effects of fatigue. In this case, the sharing pattern is expected to change so that the fatigued finger has a reduced share of the total force. The principle of minimization of secondary moments is expected to be violated. Another prediction can be made with respect to force-deficit changes under fatigue. One can view force deficit prior to fatigue as being defined by muscle fibers that contribute to finger force production in the single-finger but not in the multi-finger tasks . If fatigue does not affect these muscle fibers, force deficit of the fatigued finger is expected to stay unchanged (when measured in absolute units); if these fibers are affected by fatigue, force deficit is expected to drop.
We selected the index finger as the target of our fatiguing exercise for the following reasons. First, the effects of a prolonged exercise by the index finger have been better documented than for other fingers (Stephens and Taylor 1972; Zijdewind and Kernell 1994; Radwin and Buffalo 1999) . Second, the index finger shows the largest or second largest MVC, its share during multifinger force production is also large, and it has a lateral position relative to the longitudinal axis of the hand, making this finger an excellent candidate with which to challenge the principle of minimization of secondary moments. Third, the index finger is generally envisaged as the finger that human beings are better capable to control individually (Fahrer 1981; Valero-Cuevas et al. 1998; Zatsiorsky et al. 1998) , so that it represents the best option for a selective fatiguing exercise.
Materials and methods
Besides the nature of the fatiguing exercise, the methods used in the present experiment and in those of Danion et al. (2000) were identical. Therefore, only essential details will be reported, additional information being available in the previous paper.
Subjects
Fourteen right-handed subjects without any history of neurological or motor problems participated in this experiment (nine men, five women), 29.9±8.4 years old. Half of the subjects were also participants in the experiment of Danion et al. (2000) where all four fingers of the right hand were fatigued simultaneously. All subjects gave informed consent according to the procedures approved by the Office for the Regulatory Compliance of the Pennsylvania State University.
Apparatus
Four unidirectional piezoelectric force sensors (208A03; PCB Piezotronics, Depew, NY) were used for force measurement. The sen-sors were each connected in series with wire cables that were suspended by swivel attachments from slots in the top plate of the inverted U-shaped frame of the experimental device (see Fig. 1A for a schematic illustration of the experimental set-up). The fingers applied force downward to rubber-coated loops located at the bottom of each wire. These loops could be placed either in the middle of the distal phalanges or in the middle of the proximal phalanges. Owing to the employed experimental procedure, all four finger forces were parallel to each other. As shown in Fig. 1B , a handfixation device was located at the bottom of the frame and used to stabilize the palm of the hand and to ensure a constant hand configuration throughout the experiment (the wrist was fixed at 20°of extension and the fingers were positioned so that there was 20°of flexion at the metacarpophalangeal joints). All the precautions were taken to avoid motion of the wrist during the tests without compromising the subjects' comfort.
Procedure
In each trial the subjects were asked to press as hard as possible (MVC) with a certain finger or with all four fingers of the right hand during a period of about 2 s. The rate of force was not explicitly prescribed, but the subjects had to reach it within 2 s. All the individual finger forces and their sum were displayed on-line on the screen in front of the subject. Two vertical lines were drawn on the screen to indicate to the subject when he or she had to generate a MVC. During single-finger tests, the subject was asked to pay no attention to forces produced by the others fingers. The explicitly involved fingers will be addressed as "master fingers," while other force-producing fingers will be called "slave fingers." The subjects were given several practice trials before testing.
Three experimental factors were manipulated: (1) Measurements before and after fatiguing exercise were used to evaluate the effects of fatigue (Fatigue factor). The fatiguing exercise consisted of 60 s at 100% of the MVC with the index finger; (2) the protocol was repeated on different days for two sites of force application during the fatiguing exercise, the middle of the proximal phalanx and the middle of the distal phalanx (Exercise site factor); (3) during tests prior to and after the fatiguing exercise, MVCs were recorded during force application at the distal and at the proximal phalanges (Test site factor).
Each session (preexercise, PRE; and postexercise, POST) consisted of ten trials organized in two mini-sessions (see Fig. 1B in Danion et al. 2000) . Within a mini-session, MVCs were performed in single-finger tasks: index (I), middle (M), ring (R), and little (L); and in the four-finger task (IMRL). The order of tests within a mini-session was randomized. Each session included one minisession with the loops positioned at the proximal phalanges and one with the loops at the distal phalanges. To avoid fatigue in the PRE session (before the fatiguing exercise), individual trials were separated by 20 s of rest (cf. Valero-Cuevas et al. 1998) . In order to maintain the level of fatigue during the POST session (after the fatiguing exercise), at the end of each trial, the subjects had to repeat the same fatiguing exercise for an additional period of 20 s. This kept MVC recovery during the POST session to under 10%. There was at least 1 day of rest between two tests that involved fatiguing exercises at the proximal site and at the distal site of force application. Half of the subjects started the experiment with the fatiguing exercise at the proximal site of force production, and the other half started with the fatiguing exercise at the distal site of force production.
Data acquisition and processing
Within each trial, the force value of each finger was extracted at the moment when the maximal force value was reached for the explicit task. A typical set of data recorded during a mini-session is presented in Fig. 1C . Within each mini-session, several dependent variables were calculated:
1. Force deficit. The maximal force produced by four fingers acting in parallel was smaller than the sum of the maximal forces of each finger during single-finger force production. Force deficit was defined as the difference between the sum of MVCs during the single-finger tasks and the maximal total force in the four-finger task. Force deficit was further expressed as a percentage of the former value. The contribution of one finger, L, to force deficit is emphasized in Fig. 1 C. 2. Force sharing. Force share of a finger in a four-finger task was defined as the percentage of total force generated by this finger in the task (see Fig. 1C ). Note that the sum of four individual shares is equal to 100%. 3. Enslaving. Twelve enslaving forces were produced within a mini-session (see the nonbold numbers in Fig. 1C) . Each of these forces was further expressed as a percentage of the corresponding MVC of the finger that produced it. All these percentages were then averaged. As a result, our index of enslaving represents the mean percentage of MVC developed by a slave finger.
Statistical analysis
Repeated-measures, three-factor ANOVAs were used; the factors (Test site, Fatigue, and Exercise site) are described in the section Procedure. Sharing patterns were compared using MANOVAs including the same three factors. Rao's R was used to assess the significance of these tests. Because the four individual shares did not constitute a set of independent variables (since their sum is always 100%), sharing patterns were compared using three shares only (for M, R, and L). Several ANOVAs with a Finger factor were also performed to assess possible differences across the digits. Whenever a significant effect of Finger was found, a post-hoc analysis (NewmanKeuls) was run.
Results
Some of the findings of the present study are similar to those reported previously (Danion et al. 2000) . In particular, as compared to force production at the distal site, force production at the proximal site led to higher forces, higher enslaving, and higher force deficit, but resulted in similar force-sharing patterns. We are not going to present these data in detail.
Changes in MVC
There were no significant differences in most of the studied indices between the male and female subgroups (with the obvious exception of higher MVCs demonstrated by the men). Therefore, we present analyses of pooled data across all the subjects.
After the fatiguing exercise, the MVC of the I finger (MVC-I) dropped in all subjects (F 1, 13 =52.02; P<0.001) from 51.7 N to 35.2 N (data averaged across all conditions; Table 1 shows data for all tests and conditions separately). When measured at the site of the fatiguing exercise, the drop in the MVC-I was similar after the proximal and distal exercises (F 1, 13 =0.51; P>0.1). However, when measured at the other site, the magnitude of the drop in MVC-I was different for the two sites of the fatiguing exercise. After the fatiguing exercise at the proximal site, the mean force drop across individuals was larger during force production at the proximal site than at the distal site (34.8% and 16.5%, respectively; F 1, 13 =26.12; P<0.001; Fig. 2A ). By contrast, after the fatiguing exercise at the distal site, the drop was similar at both distal and proximal sites (33.4% and 33.3%, respectively; F 1, 13 =0.05; P>0.1). We will address the drop in force measured at a site other than the one involved in the fatiguing exercise as a "transfer effect."
The M, R, and L fingers showed lower MVCs in the POST session (F 1, 13 >18.20; P<0.001) . Asymmetrical transfer effects were observed. When measured at the site other than the exercise site, the mean drop in MVC across the M, R, and L finger was 19.1% and 12.6%, respectively, after the distal and proximal exercise. A three-way ANOVA (Finger, Exercise site, Test site) revealed a main effect of Finger (F 3, 39 =34.55; P<0.001) demonstrating different drops in MVC across the I, M, R, and L fingers.
Fatigue of the I finger induced by force production at the proximal site showed preferential weakening of digits closer to it, whereas fatigue at the distal site showed similar weakening in all other fingers ( Fig. 2A) . A twoway MANOVA (Exercise site, Test site) showed a significant effect of Test site (R 3, 11 =4.32; P<0.05). In particular, after an exercise at the proximal site, the mean magnitude of the transfer effect was 0.89, 0.71, and 0.30 for the M, R, and L finger, respectively. These differences were confirmed by a post-hoc analysis (Neuman-Keuls) among all possible pairs of these three fingers (P<0.05).
During four-finger tests, forces developed in the POST session were smaller than in the PRE session 
001).
After the exercise at the proximal site, the MVC dropped more at the proximal site (by 38.5%) than at the distal site (by 25.1%). In contrast, after the exercise at the distal site, the MVC drops were comparable when measured at the distal (28.6%) and proximal (28.8%) sites of force production. Additional analysis was run to compare relative force losses of individual fingers in single-and multi-finger tasks. Figure 2B shows that the relative force loss of the I finger during the multi-finger task was larger (F 1, 13 =23.79; P<0.001) . By contrast, the M, R, and L fingers showed similar relative force losses in the singleand multi-finger tasks (F 1, 13 <1.04; P>0.1). Note that the force loss of the I finger was larger during the multifinger tasks when measured in absolute units also (24.9 N versus 19 .1 N; F 1, 13 =6.41; P<0.05).
Force deficit
As shown in Fig. 3 , force deficit increased in the POST session (F 1, 13 =9.97; P<0.01) . After the fatiguing exercise at the proximal phalanges, force deficit increased considerably more during force production at the proximal site than at the distal site (13.9% versus 7.5%). By contrast, after the fatiguing exercise at the distal phalanges, force deficit increased similarly for both distal and proximal sites of force production (7.3% versus 6.4%).
The I finger played a dominating role in the increase in force deficit. Across all conditions, prior to fatigue, the I finger in the four-finger tests showed the force deficit of 15.7%, while after fatigue the force deficit reached 38.2% (F 1, 13 =22.59; P<0.001) . No comparable significant changes were observed for the M, R, and L fingers (on average, 7.7% versus 12.1%; F 1, 13 <2.99; P>0.1). The force deficit for the I finger increased with fatigue even when expressed in absolute units (12.9 N versus 8.4 N, respectively; F 1, 13 >6.4; P<0.05).
Enslaving
During MVC production by the I finger, prior to a fatiguing exercise, fingers were enslaved differently (F 2, 26 = 11.5; P<0.01) . Post-hoc comparisons (Neuman-Keuls) revealed that the M finger was enslaved more than the R and L fingers (P<0.01), while the levels of enslaving of the R and L fingers were similar (P>0.1). This was true for both distal (M finger 13%, R finger 4%, L finger 5%) and proximal sites of force production (M finger 23%, R finger 9%, L finger 11%). The same patterns of enslaving were seen under fatigue.
A tendency for lower enslaving was found under fatigue (22.1% versus 20.7%; F 1, 13 =3.86; P=0.07). After the exercise at the distal site, drops in enslaving were significant for both proximal and distal sites of force production (F 1, 13 =5.54; P<0.05) .
By analyzing the enslaving effects for each finger separately, we found a significantly reduced ability of the I finger to be enslaved by other fingers (12.5% versus 9.7% in the PRE and POST session, respectively, (F 1, 13 =5.60; P<0.05) . This drop in I-finger enslaving accounted for about 50% of the overall change in enslaving across all four fingers. By contrast, the ability of the I finger to enslave other fingers remained unaffected by fatigue (10.9% versus 10.8% in the PRE and POST session, respectively).
Sharing patterns
Sharing patterns are shown in Fig. 4 . MANOVA revealed main effects of Fatigue (R 3, 11 =22.76; P<0.001) and Test site (R 3, 11 =3.6; P<0.05), but not of Exercise site (R 3, 11 =0.58; P>0.1). The effect of fatigue consisted mainly in a reduction in the share of the I finger (F 1, 13 =78.50; P<0.001). This effect was consistent across all conditions. When the sites of the fatiguing exercise and of the test were identical, the redistribution of the share lost by the I finger (on average, 9.3% of the total force) among the others fingers (M, R, L) was different for the two sites of force production. During tests at the proximal site, each finger received a different percentage of the share lost by the I-finger (F 2, 26 =3.2; P<0.05): The L finger got 60%, followed by the R finger with 30%, and then by the M finger with 10% (the share lost by the I finger is considered as 100%). By contrast, during tests at the distal site, the M, R, and L finger received approximately one-third each.
Discussion
Effects of fatigue transfer After the 60 s of flexion MVC by the I finger, we observed a 33% drop in the MVC at the site of exercise. This observation is within the range of the values reported in the literature. For instance, Sheean et al. (1997) observed a 20% drop after 45-s MVC with the adductor pollicis muscle (adductor of the thumb), while Stephens and Taylor (1972) reported a 50% drop after 60 s of MVC with the FDI muscle (abductor of the I finger).
Effects of fatigue were also seen when the subjects were asked to produce MVC with the I finger at the other site (i.e., at the distal phalanx after the fatiguing exercise at the proximal phalanx or vice versa) or with other fingers (M, R, or L fingers) at both sites of force application, thus demonstrating transfer of fatigue across both phalanges and fingers.
The magnitude of the transfer effects of fatigue across phalanges depended on the site of force production. After the exercise at the proximal site, the drop in the I-finger MVC at this site was twice as large as at the distal site (i.e., the magnitude of the transfer effect was about 0.5). By contrast, after the exercise at the distal site, the drop in the I-finger MVC was similar at both sites (i.e., the magnitude of the transfer effect was close to one). Changes in other indices such as the four-finger MVC, sharing pattern, and force deficit, confirmed the existence of larger transfer effects of fatigue induced by exercise at the distal site (see Table 2 ). In our previous experiments (Danion et al. 2000) , when all four fingers were explicitly involved by the fatiguing exercise, transfer effects between the two sites were also found, but these effects were symmetrical (i.e., equal in magnitude, about 0.5) after exercises at both sites. Due to force deficit, the I finger produced less force during the four-finger fatiguing exercise than in the single-finger one. This could lead to different patterns of motor-unit recruitment, and hence possibly to different transfer effects of fatigue across the phalanges.
Transfer of fatigue was also observed across fingers. Anatomically, the extrinsic muscle equipment of the I finger is relatively independent, the flexor digitorum profundus typically has a separate muscular head for the I finger (Wood-Jones 1942) , while flexor digitorum superficialis has independent muscular masses and digital tendons for all fingers (Fahrer 1981) . Concerning, the intrinsic muscles, the first dorsal interosseous is essentially a muscle of the I finger (Fahrer 1981) , as well as the first palmar interosseous. Nevertheless, all digits exhibited a drop in the MVC after the fatiguing exercise by the I finger, as revealed by the single-finger tests. The patterns of these effects depended on the site of force production. For the proximal site, the closer a finger was to the I finger the greater was its loss of force. During force production at the distal site, the loss of force was evenly distributed across the M, R, and L fingers. During the fatiguing exercise by the I finger, other fingers produced force due to enslaving effects . These effects may be viewed as potential contributors to the transfer effects of fatigue across fingers. However, there are findings suggesting that enslaving alone was insufficient to account for the results. During I-finger MVC tasks, peak forces of the M, R, and L fingers were rather small (less than 20% of their MVCs in single-finger tasks). One minute of force generation at such a low force level is not expected to lead to any visible effects of fatigue (cf. data in Kahn et al. 1997) . Furthermore, the pattern of the enslaving effects during I-finger MVC tests did not match the pattern of the transfer effects of fatigue: For instance, during force production at the distal site, the M finger was enslaved stronger than the R or L fingers; however, the drop in its MVC was similar to those of the R and L fingers. In addition, the distribution of the enslaving effects across the M, R, and L fingers was similar at both sites of force generation (no significant differences), while the transfer effects were significantly different.
Relations among forces produced by different fingers get contributions from both peripheral and central factors ranging from the presence of intertendinous connections to shared muscle fibers, and to the divergence of the corticomotoneuronal projections (Fetz and Cheney 1980; Cheney and Fetz 1985) . The complexity of the interplay of these factors does not allow one to exclude a contribution of peripheral factors to fatigue transfer not reflected proportionally in enslaving effects.
Changes in force deficit and force-sharing patterns Force deficit increased under both single-and fourfinger fatigue. However, the contribution of each finger to this raise depended on the nature of the fatiguing exercise. After a multi-finger exercise (Danion et al. 2000) , all the fingers showed similar drops in their MVCs (by about 25%), and each finger was similarly less recruited during four-finger tasks. By contrast, after a single-finger fatiguing exercise, the contributions of individual fingers became much more heterogeneous: The I finger, exhibiting the higher level of fatigue, was the main contributor to the increase in force deficit. Force deficit exhibited by the I finger increased in its absolute value (in newtons). This finding contradicts one of the predictions of a hypothesis assuming unchanged central commands under fatigue (see the Introduction).
Patterns of force sharing among the fingers during four-finger tasks have been shown to persist within a wide variety of tasks Latash et al. 1998b; Danion et al. 2000) . In earlier studies, we hypothesized that these patterns reflected a minimization of moments generated by all the fingers with respect to the longitudinal axis of the arm . Until now, these patterns have been shown to change only during grip tasks when the position of the thumb changed following changes in the mechanical constraints of the task ). The present study demonstrated the possibility of changes in the sharing pattern without changes in the explicit mechanical constraints of the task. After each fatiguing exercise, the sharing pattern during the multi-finger tests was always modified, with a considerable drop in the I-finger share. This finding violates the principle of minimization of secondary moments, meaning that this principle should no longer be considered universal. This result may be specific for pressing tasks, which do not involve additional task constraints such as maintaining an orientation of an object, typical of grasping. This result is in line with the hypothesis assuming unchanged central commands, but it contradicts the main prediction of the other hypothesis formulated in the Introduction.
So, both hypotheses formulated in the Introduction have been found incompatible with at least one finding. Therefore, we would like to suggest another hypothesis, which assumes that the most impaired (fatigued) finger shows less interaction with other fingers or, in other words, is being progressively excluded from the multifinger synergy. This hypothesis emphasizes central effects of fatigue and it is compatible with effects due to changes in the muscle force-generating properties. We think that it provides a unifying, parsimonious explanation for many of the results.
According to this hypothesis, during multi-finger tasks, the central command to the fatigued finger is reduced as compared to commands to other fingers (unlike the two alternative hypotheses that assume either unchanged commands or relatively reduced commands to other fingers). In this case, the fatigued finger is expected to contribute more to force deficit as observed in the experiments. Note that when all four fingers are fatigued to a similar degree, all fingers contribute similarly to the increase in force deficit (Danion et al. 2000) . Besides, this hypothesis naturally incorporates the finding that the fatigued finger (I) showed a drop in the level of its enslaving by other fingers.
Fatigue can be viewed as a factor leading to different changes in the force-generating properties of individual fingers. Within a multi-element synergy, the overall performance is likely to be limited by the weakest link. There appears to be a trade-off: On the one hand, having more elements within a synergy increases its flexibility and adaptability; on the other hand, if one element is considerably weaker, using it to the same extent as other elements may limit the overall performance. Besides, by recruiting a fatigued finger less, this finger is given better chances for a faster recovery, leading to its faster reintegration into the synergy. The phenomenon of element exclusion under fatigue should be viewed as an adaptive mechanism within a multi-finger synergy, rather than a dysfunction of the synergy.
